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Abstract 

Recirculating induction accelerators (recirculators) have been investigated as possible drivers for inertial fusion 
energy production because of their potential cost advantage over linear induction accelerators. Point designs were 
obtained by Barnard et al. (UCRL-LR-108095, 1991; Phys. Fluids B Plasma Phys. 5 (1993), 2698) and many of the 
critical physics and technology issues that would need to be addressed were detailed. A collaboration (Friedman et 
al., 32-33 (1996) 235) involving Lawrence Livermore National Laboratory and Lawrence Berkeley National 
Laboratory researchers is now developing a small prototype recirculator in order to demonstrate an understanding of 
nearly all the critical beam dynamics issues that have been raised by Barnard et al. and subsequently. 

We review the design equations for recirculators (which have been incorporated into a MATHEMATICA-based design 
code) and demonstrate how, by keeping crucial dimensionless quantities constant, a small prototype recirculator was 
designed which will simulate the essential beam physics of a driver. We further show how important physical 
quantities such as the sensitivity to errors of optical elements (in both field strength and placement), insertion-extrac- 
tion, vacuum requirements and emittance growth scale from small prototype to driver-size accelerator. 

I. Introduction 

Cost projections for inertial fusion power plants 
driven by beams of  heavy ions accelerated by 
linear induction accelerators appear favorable. 
The purpose for studying recirculating induction 
accelerators (recirculators) is to provide an even 
lower cost alternative to the linear induction ac- 
celerator, the mainline US approach to an inertial 
fusion energy (IFE) driver. The cost advantage 
has been projected to occur [1] because in a 
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recirculator, as in any circular accelerator, the 
focusing and accelerating components are used 
repeatedly, so their total number can be reduced. 
Additionally, since there is no longer a premium 
on a large accelerating gradient (which is neces- 
sary in a linac to minimize accelerator length and 
therefore cost), the accelerating gradient can be 
reduced, so that the accelerating induction cores 
can be individually reduced in size. 

The principal elements of a recirculator are 
quadrupole magnets, to confine the beam trans- 
versely, ramped dipole magnets, to bend the beam 
in a circle, and induction modules. In some de- 
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signs (as in Ref. [1]) the bending field is separated 
into a d.c. component which is combined with the 
quadrupolar field in one superconducting com- 
bined function magnet, while a second ramped 
normal magnet provides a variable dipolar field, 
so that the total dipole ramps as the beam energy 
increases in time. The induction cores are com- 
posed of annular cylinders of ferromagnetic mate- 
rial which enable the pulse power system to 
generate an electric field across an accelerating 
gap for a time proportional to the cross-sectional 
area of the core. This longitudinal electric field 
provides beam acceleration, longitudinal confi- 
nement and beam compression. 

Although reuse of components by recirculation 
can be expected to lead to a lower cost, the 
reduction in cost is limited. The addition of bend- 
ing magnets represents an additional cost over a 
linac. Further, since there is a need to compress 
and accelerate the ion beam simultaneously, the 
dynamic range in energy is limited to a factor of 
10 or so in each ring, requiring two to four rings 
to carry out the acceleration from 3 MeV to 10 
GeV that is typical for a heavy ion fusion driver. 
The minimum scale of each ring is dictated by 
either the maximum practically achievable bend- 
ing field or the need for high efficiency, requiring 
a minimization of the stored energy in the ramped 
bending field. (The stored energy scales as B 2 R  ~ 

l / R ,  where Bd is the peak dipole magnetic field 
and R is the major radius of the machine). The 
circumference of the lowest energy ring must be 
greater than about twice the initial beam length to 
accommodate the reset of magnetization of the 
induction cores. The greater the number of turns, 
the greater are the cost savings due to reuse of 
components. The number of turns achievable, 
however, is limited by the minimum residual gas 
level of a practically achievable vacuum, which is 
the principal factor determining the amount of 
beam loss. Finally, because the induction cores 
are pulsed each turn (at up to about 100 kHz 
repetition rate) rather than each shot on target (at 
up to about 10 Hz repetition rate, as in a linac), 
the pulse power must be more flexible to accom- 
modate a pulse of high repetition rate that is 
changing its shape and duration over the course 
of about 100 turns. With all these constraints, 

however, estimates in Ref. [1] showed that cost 
savings of about a factor of 2 can be achieved and 
it is therefore a concept worth exploring in more 
detail. Some of the major parameters of one of 
the driver designs (the 'C-design') from Ref. [1] 
are listed in Table 1. 

In addition to transversely confining, accelerat- 
ing and longitudinally compressing the ion beams, 
recirculation adds the further requirement of 
bending the beams. There is also the previously 
discussed technological challenge of providing the 
temporally varying accelerating and confinement 
(or 'ear') voltage pulses. Thus a higher level of 
beam control is required than in a linac and a set 
of beam physics questions arises that has not been 
addressed in previous studies of transport of 
space-charge-dominated beams. 

The purpose of this paper is to demonstrate 
how a small (about 14.4 m circumference) experi- 
mental prototype recirculator, termed the 'small 
recirculator' (SR), can be designed to provide a 
scaled test of many of the beam physics and beam 
control questions that would arise on a large, 
driver-scale (about 2 km circumference) recircula- 
tor (DR). The SR is currently under development 
at Lawrence Livermore National Laboratory. A 
general review of the project is given by Friedman 
et al. [2], a review of the mechanical design is 
given by Newton et al. [3] and a review of the 
experimental results to date is given by Fessenden 
et al. [4]. In Section 2 we identify the chain of 
reasoning which led to the preliminary design of 
an experiment. In Sections 3-6 we indicate how 
other aspects of the design scale from small exper- 
iment to driver. Also listed in Table 1 are the 
main parameters of the SR. A layout of the SR is 
provided in Ref. [2]. 

2. Outline of small recirculator design 

In designing the SR, there were three underly- 
ing principles which guided our decisions: simplic- 
ity, low cost and relevance to a driver. These 
principles were manifested by a set of practical, 
geometrical and driver-relevant constraints. Table 
2 summarizes these constraints. 
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Table 1 
Summary of parameters for small and driver recirculators 

249 

SR ~, LER ~ MER ~ HER a 

Ion energy (MeV) 0.08-0.32 3 50 50 1000 l03 104 
Pulse duration (~ts) 4 l 200 30 30 2.5 2.5-0.25 
Circumference (m) 14 700 921 1976 
Current per beam (A) (2 8 ) x 1 0  3 0.5 3.3 3.3 40 40 400 
No. of  beams 1 4 4 4 
No. of  core lines 1 1 1 1 
No. of  laps 15 100 100 100 
Pipe radius (cm) 3.5 7.8 6.4 6.1 
Lattice half-period (m) 0.36 0.85 1.56 3.51 
Vacuum(Tor r )  l x l 0  s 5 × 1 0  ~t 5 × 1 0  tt 2 x 1 0  i~ 

Induction modules 
Inner radius (m) 0.163 0.313 0.255 0.243 
Outer radius (m) 0.211 0.455 0.554 0.363 
Length (m) 0.085 0.403 0.837 0.895 
No. of  cores 34 785 551 1068 
Cell voltage (kV) 0.50 0.60 17.4 85 

Bends (ramped magnetic or electric dipoles) 
Effective length (m) 0.13 0.15 0.41 1.15 
No. of  Bends 40 2680 1796 1919 
Max. Field 910 kV m -I  0.90 T 0.85 T 0.81 T 
Max. effective field 910 kV m ~ 0.90 T 2.2 T 2.35 T 

Quadrupoles and d.c. dipoh's 
Length (effective length) (m) 0.10 (0.10) 0.47 (0.23) 0.92 (0.73) 1.94 (1.76) 
No. of  Quads  40 3139 2201 2133 
Max. quad field (T) 0.3 2.0 1.25 1.0 
Max. dipole field (T) - 0.75 1.01 

Dimensionless parameters 
o" o (deg) 78-44  80-20  90 18 80-25 
o'/o" o 0.20-0.27 0.06-0.09 0.43 0.20 0.65-0.27 
K (4.0 2.0) x 1 0  4 (9.0_0.9) x 1 0 - 4  (9.0-1.0) x10  5 (11.0 3.5) x 1 0  6 
v 4.3 2.5 92 22 65-15 63-20  

SR, small recirculator; LER, MER and HER, low, medium and high energy rings of C-design of  L L N L / L B N L / F M  Technologies 
study [1]. 

2. I. Practical constraints 

Practical considerations dictated the general 
scale of the experiment. The circumference C was 
chosen to be about 14 m in order to fit into a 
reasonable size of experimental area (about 5 
m × 5 m) yet be large enough to capture the 
essential physics. The pipe radius of about 3.5 cm 
was chosen to allow for a mean beam radius of 
about 1 cm, which allocated enough clearance for 
displacements of the beam centroid arising from 
inevitable alignment and field errors, and to mini- 

mize non-linear image effects. The 1 cm beam 
radius, in turn, meant that relatively easy beam 
diagnostics and access to the beam were possible. 
The energy and current scales were set by choos- 
ing these quantities to be similar to experiments at 
Lawrence Berkeley National Laboratory (LBNL), 
the Single Beam Transport Experiment (SBTE) 
and Multiple Beam Experiment (MBE-4), which 
had energies in the 0.1-1 MeV range and currents 
in the 5-40  mA range and which demonstrated 
the feasibility of transporting space-charge-domi- 
nated ion beams in linear induction accelerators. 
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Table 2 
Outline of  design constraints of  small recirculator 

Practical considerations 
Circumference 
Pipe radius 
Beam energy and current 
Ion species 

Geometrical design considerations 
Pipe radius/max, beam radius 

Length of quads 
Length of dipoles 
Quad and dipole ends 

Considerations to demonstrate driver relevance 
Undepressed phase advance 
Depressed phase advance 
Perveance 
No. of  betatron periods per lap 
Lap time 

Energy dynamic range 
Bunch length compression 

C ~  14 m to fit in reasonable experimental area 
a~>3 4 cm for ease of  diagnostics and access 
Energy ~ 0.1 MeV, current ~ 5 mA, similar to SBTE 
A = 39 (potassium), a known source used by LBNL 

rp/a . . . .  ~> 1.9 to allow for misalignments,  image forces 
and momen tum dispersion 
~>3rp to minimize non-linear fields 
/>3rp to minimize non-linear fields 
rp at each end for fringe fields, stand-off, and structure 

ao ~<80 ° =  1.4 rad for beam stability 
<< ao for space-charge-dominated beam 

K ~  10-3 -10  4 to be similar to LER of driver 
v >> 1 to demonstrate resonance traversal 
t~.p ~ 20 ,us to demonstrate  control at high repetition 
rate 

Enn~a/Einitial > 4(in MER factor is 20) 
l~.al/li,,itial <, 1/2 (in HER factor is I/3) 

Potassium (atomic mass 39) was chosen to be the 
ion species because of the extensive experience 
gained at LBNL using zeolite sources. These 
sources are infused with potassium and liberate it 
when heated with an internal filament. 

We have chosen to use permanent magnet 
quadrupoles for beam confinement because of 
their low cost and fidelity in simulating a DR. In 
the DR study, superconducting electromagnetic 
quads were chosen to maintain high efficiency. 
The constant magnetic field of the permanent 
magnets best simulates this design and has the 
additional advantages of no power consumption 
and no heat load. 

We have chosen ramped electric dipoles for our 
bending system on the basis of simplicity, cost 
and power requirements. Although ramped mag- 
netic dipoles would have more faithfully simu- 
lated a driver, the ease of fabrication of two 
parallel electric dipole plates, together with the 
much lower power requirements and hence heat 
dissipation requirements of electric dipoles rela- 

tive to magnetic dipoles, drove the decision to- 
ward the electric option. To accommodate the 
increasing energy of the beam, the dipoles must 
ramp with time. If  the beam acquires energy 
linearly with distance (i.e. quadratically with 
time), the dipole voltage must also ramp quadrat- 
ically with time. 

The scale and strength of the optical elements 
are dictated by both geometrical constraints, 
which are based on minimization of emittance 
growth due to non-linear fringe fields, and re- 
quirements that the physical regimes (based on 
dimensionless parameters) remain the same as for 
a DR. 

2.2. Geometrical constraints on lattice elements 

There are two geometrical constraints which are 
used in the design. One limits the aspect ratio of 
the focusing and bending components of the recir- 
culator, while the other relates the beam radius to 
the aperture. In particular, an LBNL scaling 
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relation suggests [5] that the physical lengths of 
the quadrupoles be greater than about 3rp, where 
rp is the beam pipe radius through the quadrupole 
in order that the non-linear fields associated with 
the finite length of quadrupole be held to reason- 
ably small values, to avoid emittance growth (i.e. 
transverse phase space dilution). We have as- 
sumed that a similar constraint also applies to the 
dipole (where rp represents the half-aperture 
through the dipole). Additionally, one rp was 
reserved at each end of the dipole so that the 
non-linear end fields associated with the large 
change in potential between the dipole plates and 
the beam pipe threading the quad would also be 
minimized. One additional length of rp at each 
end of the quad was reserved for flanges, diagnos- 
tics and bellows. This allotment of longitudinal 
space in units of r v yields a ratio of half-lattice 
period L to rp given by 

L 
-->/10 (1) 
r p  

(10rp being the sum of 3rp each for the quadru- 
pole and dipole physical lengths and 4rp for the 
ends). This ratio is nearly identical with that of 
the low energy ring of a driver [1]. This similarity 
occurs because the driver lattice was designed 
using very similar constraints on these dimension- 
less aspect ratios, except that fringe field consider- 
ations for the dipoles were replaced by 
considerations of return windings for the current 
magnets. A second scale consideration is that the 
ratio of rp to the maximum beam radius am,x 
should be large enough to give adequate clearance 
between beam and pipe to allow for beam motion 
and to reduce the effects of image charges in 
creating non-linear fields for the beam to en- 
couter. The LBNL scaling relation [6] suggests 
that 

rp = 1.25ama x + 0.01 m (2) 

Additionally, in a recirculator the velocity of the 
head will be somewhat smaller than the velocity 
of the tail in order to compress the bunch longitu- 
dinally. Thus in a bend the tail will have an 
equilibrium at a somewhat larger radius than the 
head and so about 4 mm extra room is allowed 
for head-to-tail dispersion in the prototype. In a 

driver this is a negligible correction because of the 
larger radius of curvature. In the SR regime this 
allotment of space corresponds to 

rp ~ 1.9 (3) 
a m a x  

In a driver this ratio can be reduced to about 1.4. 

2.3. Constraints based on relevance to a driver 

The next set of design constraints ensures that 
the physical regime of the SR is the same as that 
of a DR. There are four dimensionless parameters 
which characterize the transverse focusing, space 
charge, thermal, centrifugal and inertial forces 
which must balance in order to maintain beam 
equilibrium. These are the 'phase advance per 
lattice period', ao, the 'depressed phase advance' 
a, the perveance K and the tune v. Before dis- 
cussing these, it is useful to examine the single- 
particle equations of motion in the 'smooth' 
approximation, in which the focusing from the 
alternating gradient quadrupoles is approximated 
by a constant focusing field which has the same 
frequency of quasi-harmonic motion and the bend 
motion is approximated by a uniform bending 
field which gives the same angular deflection over 
one lattice period. Let the machine have average 
radius of curvature /7 and let a particle have 
radius r and axial coordinate s -/70. Also, let the 
fractional difference between the particle momen- 
tum and the design momentum be 6p/p. Further, 
let x -  r - / 7  and y be the particle coordinate in 
the vertical direction. The equations of motion 
through linear order in kls0x, k~0y and 6pip can 
then be written as 

12 t~ 2 2 = k~o,,Y + ksy(Y - Y c )  (5) 

Here primes indicate derivatives with respect 
2 O'O2ndx)/4L 2 and, 2 to s, k~ox ,~ (O'0quad Ar- k roy ~ 

2 2 2 aObenOy)/4L, where Cr0qua d (O'Oqua d + is the phase 
advance per lattice period from the quadrupoles 
alone, aOb~ndx.y are the contributions to the phase 
advance in the x and y directions from the bends 
respectively and xc and Yc are the centroid coordi- 
nates. Also in Eqs. (4) and (5), 
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~I/k2~o~ for bends magnetic 

q = (2/k}ox~ for electric bends (6) 

In Eqs. (4) and (5) the transverse space charge force 
is represented by the linear force from a uniform 
charge density, which is given by 

2K 2K 
ks2,. (7) =a 2 +ab ' k~v =b 2 +ab 

Here a and b are the ellipse semiaxes of the beam 
envelope in the x and y directions respectively and 
K is the generalized perveance defined shortly. 

Although Eqs. (4)-(7) contain much of the 
physics required to obtain a zeroth-order design of 
a DR or SR, some notable physics is absent. In 
addition to the omission of effects due to the finite 
length of the elements, image charges have been 
neglected and the paraxial approximation has been 
employed. Also, non-relativistic motion is assumed 
here and throughout. 

The first terms in Eqs. (4) and (5) represent the 
effects of the external focusing. The phase advance 
per lattice period, 0o - 2Lkao, is a measure of the 
strength of the confining force relative to the inertia 
of the particles. An accurate approximate calcula- 
tion of a0quad has been carried out in Ref. [7]: 

1 2[ B' "X 2 L4 cos( oquad) ) (8) 

Here V/q = lq~ff/L is the occupancy of the quad, with 
lq~ff the effective length of the quad, B' is the 
quadrupole gradient and [Bp] =p/qe is the ion 
rigidity, with p the ion design momentum, q the 
charge state of the ion and e the proton charge. 

For the purposes of scaling it is often more useful 
to examine the 'thin' lens limit (in which r/q ---} 0 and 
B' ~ ~ ,  while the product remains finite), in which 
case cr 0 is given by [8] 

qqL2B' (9) 
O'0quad ~ [Bp] 

In our design code we use the more exact 
representation in Eq. (8), but we will use the smooth 
approximation for illustration of simple scaling 
relations. 

Although not a significant source of phase ad- 
vance in a DR, the dipoles have an additional 
focusing force arising from the change in longitudi- 
nal velocity which arises from the voltage drop 
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across the plates. For ideal plates of equal length 
(in which fringe fields are neglected) the contribu- 
tion to the phase advance is 

2L 
O-0bendx ,~ ( l 0) 

~dP 

Here /~d is the occupancy of the bend. Magnetic 
sector bends give approximately the same contribu- 
tion to the focusing (albeit for different reasons). 
In the idealized case the electric bends contribute 
no phase advance in the y direction, but there will 
be a contribution in a real fringe field. Careful 
shaping of the plates [9] using the 3D code WARP 
[19] has led to a design in which the focusing is 
equal in both x and y. The plates are curved about 
the z axis to provide focusing in y and have ridges 
on the top and bottom edges to minimize the 
sextupole content. 

Studies on SBTE [10] have shown that beam 
instabilities and beam loss sets in when 

o0 ~> 88 ° (11) 

To allow a margin of safety, we adopted the 
constraint that o0 be less than 80 °, an appropriate 
constraint for both the DR and SR. 

The term in Eqs. (4) and (5) proportional to ks2~ 
represents the outward force of the beam space 
charge which is proportional to the perveance K 
and is a measure of the space charge potential 
energy relative to kinetic energy. In terms of beam 
quantities (and in the non-relativistic limit), 

2qe I 
K =  (12) 

4rcEoAmamu c 3 fl 3 

Here A is the atomic mass of the beam ions in amu, 
mare u is the atomic mass unit, tic is the ion velocity, 
I is the beam current and e0 is the permitivity of 
free space. The SR will necessarily have a much 
lower current than a DR, but the much smaller 
velocity allows the SR to be in a regime where the 
dynamic effects of space charge are comparable 
with a driver. Requi r ingK~ 10 4-10 3(i.e. inthe 
range of a driver) places another constraint on the 
SR design. 

The 'normalized emittance' ~'nx ~ 
4fl((X2)(X)2 __ (XX,)2)l/2 is a measure of the trans- 
verse phase space of the beam and is a conserved 
quantity in the presence of linear, un- 



J.J. Barnard et al. / Fusion Engineering and Design 32-33 (1996) 247-258 253 

coupled focusing, bending and space charge 
forces. In order to focus on to a spot at the 
output end of the accelerator, the normalized 
emittance must remain small. This, coupled with 
the requirement of high particle current, leads to 
a situation where the thermal forces are generally 
much smaller than the space charge forces during 
the acceleration. In such space-charge-dominated 
beams the focusing force is nearly compensated 
by the outward force of space charge. The ap- 
proximate relationship between these forces is de- 
scribed by the 'envelope equation' in the limit of 
continuous focusing: 

2 d2a / ' //o0 x~ 2 K fin 

= - a+--+fl2a---- 5 (13) dz 2 \ 2 L J  a 

Here a represents the mean beam radius. The 
depressed phase advance a represents the change 
in phase in a lattice period of quasi-harmonic 
oscillation of an ion within the beam. Approxi- 
mately, ~r 2 ~ a02 - 4L2K/a  2 and, from Eq. (13) for 
a beam in equilibrium, 

2E,L 
~r .~ fla 2 (14) 

which indicates that the difference between the 
focusing and space charge forces is balanced by 
thermal forces. Thus, to be in the same physical 
regime as a driver, 

O" 
--<< 1 (15) 
O" 0 

Another requirement to verify driver physics is to 
examine whether the growth in the normalized 
emittance is acceptable in the presence of the 
combined bending and space charge forces. One 
measure of the radius of curvature of the bend is 
the number of betatron wavelengths per circum- 
ference, v, the so-called 'tune'. In both the SR 
and DR the focusing magnetic field is fixed, so 
that as the beam gains energy the phase advance 
decreases. In a conventional synchrotron the 
quadrupolar focusing field increases with the 
dipole field, so that the phase advance remains 
fixed. In order to ensure that imperfections are 
not encountered at the same betatron phase each 
orbit, the circumference must be chosen not to be 
an integral or half-integral number of betatron 

wavelengths 20. In the recirculator the tune 
changes on each orbit, so that at times during the 
acceleration sequence v will be an integer. When 
the change in the number of betatron periods is 
greater than about one, the change in phase will 
be greater than or of order 2re, so transverse 
kicks from field imperfections will add essentially 
incoherently. Thus, to be in the regime where the 
beam will rapidly pass through resonances, we 
require v >> 1. However, as will be discussed in 
Section 4, steering corrections will be made at 
least once per lap in the SR, largely removing the 
possibility of resonance instability. In addition, 
the ratio of the displacement of an off-momen- 
tum particle relative to the beam radius gives 
another measure of the strength of the bend 
forces. Eqs. (4) and (6) imply that this ratio will 
be proportional to (Sp/p)/k~oaV, and since 8pip 
will be larger for the SR than for the DR and, as 
will be shown, v will be smaller for the SR, the 
SR will provide a more extreme laboratory for 
understanding the transport of space-charge- 
dominated beams in an accelerator with bends. 

The SR should also demonstrate the other ma- 
jor functions of the DR: energy gain and bunch 
length compression. We require an energy gain 
Er/Ei >~ 4, where Er is the final energy and Ei is 
the initial energy, and a bunch length compres- 
sion lr/li <~ 1/2, where lr is the final bunch length 
and li is the initial bunch length. Finally we wish 
to accomplish all of this at high repetition rate, 
so the ion lap time should be less than about 20 
~s. 

2.4. Application o f  constraints to the small 
recirculator 

Given the above set of constraints, many of the 
features of our design are determined. Since the 
minimum pipe radius has been chosen to be 
about 3.5 cm, then by Eq. (1), L >~ 35 cm (and 
was chosen to be 36 cm). Since C is constrained 
to fit the available experimental area, the number 
of half-lattice periods, nh~p, is also constrained 
and is the nearest even number satisfying n h l  p = 

C/L,  which in the case of the SR is about 40. The 
number of betatron periods is then also fixed: 
v = C/2~ = (C/L)(ao/4Zc) <~ 5. 
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1 (rp)2(amax~2( a ) 2 
K~-4\LJ  \ rp J ~max a ~ < 7 . 4 ×  10 -4 

(16) 

Here we have also used the constraint that the 
alternating gradient produces a 'flutter motion' 
which yields a maximum beam radius amax greater 
than the average beam radius a according to 
amax/a ~ [2(1 - cos 0"0)]1/2/4 ~ 1 + 0"0/4 [7], which is 
approximately 1.35 for 0"0 = 1.4. Not surprisingly, 
as mentioned above, the perveance for the DR and 
SR are of the same order. The initial ratio of 0"/o0 
becomes 

0---o~\ 0" - -o / \ -~ i /  ~ ~ >~0.20 
(17) 

Here kT. = 1 eV and Ei = 80 keV was assumed for 
the final inequality. Although somewhat smaller 
beam temperatures (about 0.1 eV) are anticipated 
as they leave the source, we expect that by the time 
the beam enters the ring the beam temperature will 
have increased to about 1 eV because of the 
matching and insertion process. Injection energies 
much less than our design of 80 keV would start to 
run into difficulties maintaining a space-charge- 
dominated beam. 

Demonstrating a factor-of-4 increase in the ion 
energy requires a final energy of 320 keV. The tune 
depression 0"10"o, dipole voltage, repetition rate, 
quadrupole field and pulse duration are then all 
essentially determined. The total dipole voltage 
drop across the plates, Va, is determined by equat- 
ing the average bend force to the centrifugal force: 

Vd = (Efinal ~ (8~rp~ 
\ qe / \-C-~d,] 

= ( 6 7 k V ) ( 3 . 5 ~ m ) ( .  Efinal-~ ( ~ - ~ )  

(18) 

Here t/d is the fraction of the lattice period occupied 
by the physical dipole. The final lap time is given by 

tlap final = ~ (11 Its) 

(320 keV~'/2( A y/2 
×\ / (19) 

This quantity tla p final determines the maximum 
repetition rate of the induction cell pulsers, which is 
thus about 100 kHz. The quadrupole field Bq can be 
estimated (in the thin lens approximation) by 

\ r/qL / 
( lO > (Einitial ~l/2(h~ 1/2 

(0.33 T) ~ \8--0--~VeVJ \3-9J 

To allow time to reset the magnetization in the 
induction cores, the maximum (and also initial) 
pulse duration satisfies 

1 
tp initial ~' 4 tlap initial 

(I~_4~)(80keVll/2(Ay/2 
(4 Its) ,, Einitia-------~/ k - ~ /  (21) 

The beam current of 2-8 mA follows from the 
energy and perveance. The design that we have 
obtained thus inherently models much of the dy- 
namics of a DR and the time scales are such 
that the articulation of the pulse power will also 
be similar to the time scales of a DR (although 
at substantially lower voltages). 

2.5. Acceleration and ears 

For engineering simplicity we elect to have 
one set of parallel field effect transistor (FET) 
switches (rather than several sets in series as in 
the DR) control the voltage modulation on the 
induction cores. This limits the voltage on each 
cell to approximately 500 V. The number of in- 
duction cores, ncore, on the SR is 34. (The 
other six half-lattice periods are reserved for 
the insertion-extraction section and an 
additional extraction section and have no 
cores). To achieve the minimum voltage incre- 
ment of 240 kV, a minimum number of laps, 
nlap = 14, is required. Detailed accelerating 
waveforms using the self-similar current replica- 
tion procedure of Kim and Smith [11] 
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have been calculated via the REC code, which are 
then used as inputs to the fluid-envelope code 
CmCE and the 3D particle-in-cell (PIC) code 
WARP (see Ref. [12] for details). 

In order to calculate the magnitude of the 
confining electric fields, we use the longitudinal 
equation of motion in the long wavelength regime 
(see e.g. Ref. [13], also Ref. [14] for a more exact 
treatment): 

dv - gge &;t qe 
dt Amam u 8( + Amam u Eext (22) 

Here ~ = s -  flct, Eext is the field applied in the 
acceleration gaps (both acceleration and ear 
fields) and g =  ln(rp/a)/2neo is the longitudinal 
space charge factor, where eo is the permittivity of 
free space and tic is the beam velocity at the 
center of the pulse. For a quadratic line charge 
density profile with an end that falls like 2 = 
20[2(/lend--((/lend)2], the maximum derivative 
d2/d~" occurs at the very tip ( ( =  0), where its 
value is 22o//~nd. Furthermore, at the tip the beam 
is emittance dominated and so by Eq. (13) the 
mean beam radius a ~ (2L~.n/fl0-o) 1/2. For a 0.5 m 
(0.4 bts) beam end at the end of the acceleration 
sequence, 2 0 ~ 7 . 2 ×  10 --3 I.tC m 1 and e , ~ 0 . 2  
mm mrad. The maximum average confining 'ear' 
field E~ . . . .  is then about 840 V m 1, which 
requires a maximum average gap voltage 
Ve . . . . .  = E~ . . . . .  C/n . . . .  of 350 V, which is com- 
parable with the acceleration voltage. In a DR the 
acceleration and confining voltage pulses are also 
comparable with each other, although the magni- 
tudes of the voltages are larger (up to 85 kV) in 
the DR. 

3. Transverse emittance growth 

The key to successful ignition of a capsule in an 
IFE driver is the ability to deliver the multiple ion 
beams on to small spots on the target. In order to 
achieve that goal, the normalized beam emittance 
must remain small (less than about 8 mm mrad). 
Simulations and theory to date have revealed only 
one source of emittance growth which has been 
observed and which is diffucult to avoid. That is, 
there appears to be a jump in emittance that 

occurs when a space-charge-dominated beam with 
a spread in longitudinal velocity makes a transi- 
tion from a straight transport section to a bent 
one (or vice versa). 

The beam is initially created from a circular hot 
plate and is transformed into an elliptical beam as 
it passes through a matching and transport sec- 
tion before it enters into the ring. When it enters 
the ring, it can evolve towards a new equilibrium 
where the average centrifugal force balances the 
average bending force. Since particles with larger 
longitudinal velocities will have larger equilibrium 
radii with respect to the center of the ring, the 
orbit of a particle with a momentum differing by 
~p from the design momentum p will be displaced 
on average by an amount t lSp/p according to Eq. 
(4). When the beam enters the bend, the initial 
beam will broaden by an amount proportional to 
the r.m.s, average of the momentum distribution. 
An envelope mismatch will occur and any non- 
linear space charge forces will eventually turn the 
mismatch into emittance growth. By equating the 
initial transverse energy to the final transverse 
energy and assuming equilibria in both initial and 
final states, it is straightforward to calculate the 
rise of emittance [15]. The calculation in Ref. [15] 
assumed the beam was distributed with a uniform 
elliptical charge density and was therefore not 
completely self-consistent, but it nevertheless gave 
reasonable agreement with simulations. For small 
changes in emittance from the initial values the 
change in the emittance was calculated to be 

~'nx -- ~'nx0 ~ Z~ ~ -0--~ 

2 2 ~f12 .6 a2 t l2 /~p2  \ 
En. v - -  EnY 0 "~ L 2 0-2(0-2 ..~ 0-2) \ 7 /  (23) 

If we assume (Sp2/p2)l/2,,~2.5 x l0 3, t /~0 .24  
m, 0-o~ 1.4, ~ 0 . 2 8 ,  a~0 .01  m and e,~o~0.1 
mm mrad, then after insertion into the ring the x 
and y emittances should rise to approximately 
0.29 and 0.28 mm mrad respectively. (The formu- 
lae above assume small changes in emittance for 
validity; a numerical solution of the energy con- 
servation equations yields final emittances of 
0.175 and 0.164 mm mrad respectively, very close 
to the results obtained from the 3D WARP simula- 
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tions). In a DR, fi is larger (by a factor of up to 
100) and 5p/p is smaller by a factor of 10 or more, 
so that for the initial injection into the ring the 
change in emittance is very small. However, in the 
racetrack designs of Ref. [1] there are long 
straight sections which could create mismatches 
twice per lap, providing a gradual heating of the 
beam. In Ref. [15] this process was estimated to 
lead to nearly a doubling of the normalized emit- 
tance, about equal to the allotted emittance bud- 
get for the ring. 

4. Error scaling 

When the acceleration gradient is sufficiently 
rapid and the focusing field remains constant, the 
beam centroid responds to misalignments as if 
they were statistically independent. The transverse 
energy of the beam centroid statistically increases 
linearly with s and so the evolution of the centroid 
position Xc can be described roughly as a 'random 
walk'. The two major errors which contribute to 
the walk in x are dipole strength errors and 
quadrupole displacement errors, while in y the 
two largest errors are dipole rotation errors and 
also quad displacement errors. A rough estimate 
of the displacements for intervals over which the 
energy is nearly constant is given by (see e.g. Ref. 
[16]) 

2 ~ [ -//1692L2'~ / ~E/2 \ 

+ 4 \ ~r~.~ (24) 

Yc2max 

-']- 4/f~l O'2quad~ 2i \ ~ (25) 
\ -g .... / /  

Here 6Ei is the dipole field strength error, 60i is 
the dipole rotational error, dq~ is the quadrupole 
displacement error, f~ is a factor of order unity 
and (} indicates a statistical average. Although 
these relations are useful guides, simulations using 
the envelope-fluid code CIRCE [16] have given 
more definitive error tolerances. For a maximum 

displacement of 1 cm after one lap and assuming 
equal contributions from the two error sources in 
each direction, the simulations imply that a 250 
~tm r.m.s, quadrupole alignment error, a 1% 
dipole field strength error and a 0.1 ° dipole rota- 
tion error are allowed. Since achievement of 
greater precision can entail greater cost, we have 
elected to use steering to keep the beam near the 
axis. This steering will use information from pre- 
vious shots gained through non-intercepting ca- 
pacitive probes [4]. We plan to correct by making 
slight alterations to the dipole voltage and also by 
using the capacitive probes as steering dipoles. 
For a driver, electric field strength errors in Eq. 
(24) are replaced by magnetic field strength errors, 
and since F/hip and L increase by similar factors, 
corrections should be made after a similar number 
of half-lattice periods to obtain similar tolerance 
requirements. We note that when corrections are 
made at least once per lap, resonance stability 
questions are less pertinent, since betatron phase 
information is lost during correction. 

5. Vacuum requirements 

Because the beam path in a recirculator is much 
longer than in a linac, recirculators have more 
stringent vacuum requirements. The requirement 
on the background density is set by stripping (and 
neutralization) by the residual gas: 

1 6rib (26) 
F/residual ~ 0"s//lapC nb str p 

For singly ionized potassium in the 80 320 keV 
energy range, measured combined cross-sections 
~r s [17] of stripping and neutralization by atmo- 
spheric gases are of order (0.5-1.0) × 10 ~s cm2; 
in this regime the cross-section is increasing with 
energy. For the SR design a beam loss (6nb/nb)lstrip 
of 1% is allowed; with the nominal number of laps 
set to 15, this suggests a maximum permissible 
residual gas of about 10 8 Torr. In the DR the 
path length is increased from 200 m in the SR to 
200 km in the High Energy Ring. The cross-sec- 
tion for stripping, however, is in a regime which is 
scaling inversely with energy and for atomic mass 
200 the cross-section is of order 10 16 cm 2, re- 
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quiring a residual gas level less than about  1 0 - t o  
Torr.  Additionally,  beam-induced wall desorpt ion 
by ionized residual gas particles and b e a m - b e a m  
charge exchange are predicted to be significant 
contr ibutors  to beam loss in the D R  but  not  in the 
SR. 
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6. Insertion-extraction 

Insertion o f  the beam into the ring and extrac- 
tion f rom it are another  area to be explored in the 
SR. Because the normal  alternating gradient fo- 
cusing must  be present on a normal  lap (i.e. not  an 
extraction or insertion lap) and because the 
quadrupoles  occupy a significant fraction o f  the 
half-lattice period, it appears to be prohibitively 
difficult to insert or  extract a beam through a 
normal  quad  and still be able to clear the subse- 
quent quad. In a D R  the approach  taken in Ref. 
[1] was to extract the beam through a number  
(about  14) o f  'Panofsky ' - type ,  wide aperture 
quads. The orbit  would be driven to large ampli- 
tude in about  0.37 o f  a betatron period (to mini- 
mize energy dispersion), using a similar number  o f  
'kicker bends '  to excite essentially a large betatron 
oscillation, to the point  where the beam can clear 
the adjacent normal  quadrupole.  In the SR the 
lower energy and the smaller radius o f  curvature 
o f  the ring require smaller kicker fields, allowing 
insertion and extraction to occur th rough  one wide 
aperture permanent  magnet.  (See Ref. [18] for 
detailed calculations o f  its design.) The experiment 
will test whether the abrupt  manipulat ions re- 
quired on insertion and extraction can be carried 
out  with an acceptably small increase in emittance. 

7. Conclusions 

Induct ion  recirculators promise a lower cost 
driver for inertial fusion energy. In this paper  we 
have described the considerations leading to the 
physics design of  a scaled pro to type  experiment 
which will, by construction,  test our  understand-  
ing o f  beam t ranspor t  o f  intense, space-charge- 
domina ted  ion beams in driver-scale circular 
accelerators. 
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